Metabolomic profiling reveals a finely tuned, starvation-induced metabolic switch in trypanosoma cruziepimastigotes. by Barisón,  María Julia et al.
Durham Research Online
Deposited in DRO:
17 September 2019
Version of attached ﬁle:
Published Version
Peer-review status of attached ﬁle:
Peer-reviewed
Citation for published item:
Barison, Mara Julia and Rapado, Ludmila Nakamura and Merino, Emilio F. and Furusho Pral, Elizabeth
Mieko and Mantilla, Brian Suarez and Marchese, Letcia and Nowicki, Cristina and Silber, Ariel Mariano and
Cassera, Maria Belen (2017) 'Metabolomic proﬁling reveals a ﬁnely tuned, starvation-induced metabolic
switch in trypanosoma cruziepimastigotes.', Journal of biological chemistry., 292 (21). pp. 8964-8977.
Further information on publisher's website:
https://doi.org/10.1074/jbc.M117.778522
Publisher's copyright statement:
This research was originally published in Journal of Biological Chemistry. Barison, M.J., Rapado, L.N., Merino, E.F.,
Furusho Pral, E.M., Suarez Mantilla, B., Marchese, L. Nowicki, C., Silber, A.M. Cassera, M.B. Metabolomic proﬁling
reveals a ﬁnely tuned, starvationinduced metabolic switch in Trypanosoma cruzi epimastigotes. Journal of Biological
Chemistry. 2017. 292(21): 8964-8977. c© the American Society for Biochemistry and Molecular Biology
Additional information:
Use policy
The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or charge, for
personal research or study, educational, or not-for-proﬁt purposes provided that:
• a full bibliographic reference is made to the original source
• a link is made to the metadata record in DRO
• the full-text is not changed in any way
The full-text must not be sold in any format or medium without the formal permission of the copyright holders.
Please consult the full DRO policy for further details.
Durham University Library, Stockton Road, Durham DH1 3LY, United Kingdom
Tel : +44 (0)191 334 3042 | Fax : +44 (0)191 334 2971
http://dro.dur.ac.uk
Metabolomic profiling reveals a finely tuned, starvation-
inducedmetabolic switch in Trypanosoma cruzi
epimastigotes
Received for publication, January 25, 2017, and in revised form, March 20, 2017 Published, Papers in Press,March 29, 2017, DOI 10.1074/jbc.M117.778522
María Julia Barisón‡1, Ludmila Nakamura Rapado‡1, Emilio F. Merino§2, Elizabeth Mieko Furusho Pral‡,
Brian Suarez Mantilla‡, Letícia Marchese‡, Cristina Nowicki¶, Ariel Mariano Silber‡3, and Maria Belen Cassera§4
From the ‡Laboratory of Biochemistry of Tryps-LaBTryps, Department of Parasitology, Institute of Biomedical Sciences, University
of São Paulo, 05508-000 São Paulo, Brazil, the §Department of Biochemistry and Virginia Tech Center for Drug Discovery, Virginia
Tech, Blacksburg, Virginia 24061, and the ¶Facultad de Farmacia y Bioquímica, Instituto de Química y Fisicoquímica Biológica
(IQUIFIB-CONICET), Universidad de Buenos Aires, 1113 Buenos Aires, Argentina
Edited by Chris Whitfield
Trypanosoma cruzi, the etiological agent of Chagas disease, is
a protozoan parasite with a complex life cycle involving a triato-
mine insect andmammals. Throughout its life cycle, theT. cruzi
parasite faces several alternating events of cell division and cell
differentiation in which exponential and stationary growth
phases play key biological roles. It is well accepted that arrest of
the cell division in the epimastigote stage, both in the midgut of
the triatomine insect and in vitro, is required for metacyclogen-
esis, and it has been previously shown that the parasites change
the expressionprofile of several proteinswhen entering this qui-
escent stage. However, little is known about the metabolic
changes that epimastigotes undergo before they develop into
the metacyclic trypomastigote stage. We applied targeted
metabolomics to measure the metabolic intermediates in the
most relevant pathways for energy metabolism and oxidative
imbalance in exponentially growing and stationary growth-ar-
rested epimastigote parasites. We show for the first time that
T. cruzi epimastigotes transitioning from the exponential to
the stationary phase exhibit a finely tuned adaptive metabolic
mechanism that enables switching from glucose to amino acid
consumption, which is more abundant in the stationary phase.
Thismetabolic plasticity appears to be crucial for survival of the
T. cruzi parasite in the myriad different environmental condi-
tions to which it is exposed during its life cycle.
Cell growth, both in natural environments or in in vitro cul-
ture, usually presents in two phases: the exponential phase
where cells divide at a roughly constant rate, and the stationary
phase where cells slow down or stop the cell cycle and division.
During the exponential phase, cells go through the well
described canonical cell cycle of G1 3 S 3 G2 3 M. In the
stationary phase, cells leave the regular cell cycle to enter a
resting state known as quiescence, which is highly relevant
because it corresponds to the physiological state in which most
cells from both unicellular and multicellular organisms spend
most of their life (1).
Trypanosoma cruzi, the etiological agent ofChagas disease, is
a protozoan parasite with a complex life cycle involving a tri-
atomine insect and mammals. Throughout its life cycle, the
T. cruzi parasite faces several alternated events of cell division
and cell differentiation. Briefly, insects are infected during a
blood meal from a mammal having non-dividing forms of the
parasite, denominated trypomastigotes, present in their blood.
Once in the midgut of the triatomine insect, the trypomastig-
otes differentiate to replicative non-infective epimastigotes,
which proliferate and colonize the digestive tube. After the
blood meal, nutrients are consumed by the intestinal epithe-
lium, the parasite, and the intestinal microbiota population;
therefore, the replicative epimastigotes eventually face nutrient
starvation. Under this situation ofmetabolic stress, cell division
is arrested, and the parasites adhere to the intestinal epithelium
along the midgut. In the terminal portion of the digestive tube,
epimastigotes start the process to differentiate to infective,
non-dividingmetacyclic trypomastigotes (2). Interestingly, this
differentiation process, called metacyclogenesis, is fueled by
amino acids present in the urine at the distal portion of the
triatomine’s intestine such as proline (Pro), aspartate (Asp), and
glutamate (Glu), among others (3). In a new blood meal on a
mammalian host the infected triatomine, which usually defe-
cates near the biting point, will contaminate the skin ormucosa
with metacyclic trypomastigotes expelled along with their
feces, allowing the parasite to internalize and establish infection
in a new host (2).
It is well accepted that arrest of the cell division in the epi-
mastigote stage, both in vivo and in vitro, is required for meta-
cyclogenesis, and it has been previously shown that the para-
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sites change the expression profile of several proteins when
entering this quiescent stage (4). In addition, a previous work
comparing exponential and stationary phases of T. cruzi epi-
mastigotes (EPE5 and SPE, respectively) has assessed the phys-
iological changes occurring at each stage and how some genes
are regulated during the epimastigote growth to understand
their possible participation in the metacyclogenesis (4–6).
However, little is known about metabolic changes that occur
along with this physiological transition, and there are no
reported studies supporting a broader view of the adaptive
changes that epimastigotes undergo before they develop into
metacyclic trypomastigote stage.
Early studies have focused on specific enzymes involved in
energymetabolismaswell as a specific subset ofmetabolites (7).
However, a systematic analysis of the metabolic changes asso-
ciated with energy metabolism that occurs during exponential
and stationary phases of growth in T. cruzi epimastigotes has
not been performed. We hypothesized that T. cruzi epimastig-
otes finely orchestrate a metabolic switch, especially related to
the energymetabolism, when exposed to nutritional starvation.
Here, we show for the first time T. cruzi epimastigotes transi-
tioning from exponential to stationary phase (Fig. 1) present a
distinct metabolic profile regarding their energy metabolism
and redox imbalance, including amino acids, carbohydrates,
and the tricarboxylic acids (TCA) cycle intermediates.
Results
Comprehensive targetedmetabolomics
To assess themainmetabolic changes between exponentially
growing and stationary arrested epimastigoteT. cruzi parasites,
we focused on a set of 47 metabolic intermediates from the
most relevant pathways for energy metabolism and oxidative
imbalance. Selected metabolites (supplemental Table S1) were
analyzed in positive and negative modes using two different
chromatography separations. Our initial hypothesis was that
EPE and SPE constitute two different populations in terms of
energymetabolome composition due to their adaptation to dif-
ferent nutritional conditions. To assess this hypothesis, we per-
formed a principal component analysis (PCA)where results are
displayed as score plots, and eachpoint represents a sample that
when clustered together indicates similar metabolite composi-
tion based on the selected metabolites for the targeted analysis
(Fig. 2). PCA analysis revealed a clear separation between
the two growth phases of T. cruzi epimastigotes. This result
strongly supports the proposed hypothesis that T. cruzi EPE
and SPE present different energy and oxidative imbalance-re-
lated metabolic states. Interestingly, our results also revealed a
greater metabolic heterogeneity among stationary phase cells
than exponential phase cells.
To further identify the underlying metabolites responsible
for the segregation between both T. cruzi EPE and SPE, a heat
map analysis was performed. In contrast to the scores plots, a
heatmap displays the actual data values that allow visualization
of changing patterns in metabolite levels across samples and
across experimental conditions. The heat map analysis showed
that amino acids and their metabolic intermediates were
increased in the stationary phase when compared with expo-
nential phase, whereas glycolysis and TCA intermediates were
reduced (Fig. 3 and supplemental Fig. 1). Consequently, we pur-
sued a more detailed analysis for each metabolic pathway to
assess specific changes that occurwhenparasites are exposed to
nutritional starvation.
Energymetabolism: Glycolysis and TCA
To study inmore detail the metabolic switch from a glucose-
based to an amino acid-based metabolism in T. cruzi epimas-
tigotes, we measured the relative levels of the first and last
metabolites of glycolysis, i.e. glucose and pyruvate (Pyr), and all
the intermediates of the TCA cycle, except oxaloacetate that
could not be resolved by any of the two chromatographicmeth-
ods used for this study (Fig. 4). As shown in the heat map (Fig.
3), both glycolysis andmost of the TCA-related metabolite lev-
els decreased during the transition of parasites from EPE to
SPE. The relatively higher levels of glucose during the exponen-
tial phase as compared with the stationary phase could be
explained by its uptake from the extracellular medium by the
exponentially replicating cells due to its presence in high con-
centrations in the fresh medium (2 mg/ml). Notably, the intra-
cellular concentration of glucose was still detected in SPE
instead of being completely consumed as we would expect
because extracellular glucose has been depleted at that stage
(8). This findingmay indicate that in SPE either amino acids are
serving for de novo synthesis of glucose to maintain a certain
intracellular level or its consumption is arrested.
Alongside a decrease in the glucose content, the relative
abundance of Pyr as well as themetabolic intermediates canon-
ically linked to the TCA cycle, such as isocitrate, citrate, succi-
nyl-CoA, and malate, were significantly reduced in SPE when
comparedwith EPE (Fig. 4 and supplemental Table S2). By con-
5 The abbreviations used are: EPE, exponential phase epimastigote; SPE, sta-
tionary phase epimastigote; TCA, tricarboxylic acid; P5C, 1-pyrroline-5-
carboxylate; P5CDH, P5C dehydrogenase; TSH, trypanothione; RTP,
reverse trans-sulfuration pathway; MRM, multiple-reaction monitoring;
PCA, principal component analysis; BCAA, branched-chain amino acid;
-GS, -glutamate semi-aldehyde; CBS, cystathionine -synthase; Pyr,
pyruvate; -KG, -ketoglutarate; ESI, electrospray ionization.
Figure 1. Representative growth curve of T. cruzi epimastigotes in cul-
ture indicating the EPE and SPE growth phases where samples were col-
lected for targetedmetabolomic analyses.A representative image of light
microscopy is shown for each phase.
Metabolic switch induced by nutrient starvation in T. cruzi
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trast, -ketoglutarate (-KG) was the only derivative from the
amino acid oxidation that appeared to exhibit around six times
higher abundance in the SPE. The increased levels of -KG are
compatible with an increase of amino acids catabolism in SPE
(Fig. 5). T. cruzi epimastigotes depend on different catabolic
routes leading to -KG generation for energy production, such
as the Pro (9, 10) orHis (11) oxidation pathways, both rendering
Glu that can be converted into -KG through a reductive
deamination or by transamination of the –NH2 to Pyr forming
Ala (12). It worthmentioning that several metabolites are pres-
ent simultaneously in different subcellular compartments such
as malate, which is present in the glycosome, cytoplasm, and
mitochondrion (Fig. 4). Because we measured the total level
of a metabolite, the detected changes in their levels are the
result of all metabolic contributions independently of their
localization.
Glutamatemetabolism
Glu and -KG constitute themainmetabolic bridge between
amino acid metabolism and the TCA cycle. Interestingly, our
results showed that the levels of Glu remained nearly constant
in both growth phases. As shown in Fig. 5, it is worth stressing
that Glu is a branching point for several metabolic pathways.
Epimastigotes are able to acquire Glu through a variety of pro-
cesses, which include its uptake from the extracellularmedium,
biosynthesis by reductive amination of -KG catalyzed by glu-
tamate dehydrogenase, which is NADH- and NADPH-depen-
dent, transamination reactions, or by oxidizing other amino
acids such as Pro, His, and glutamine (Gln). Notably, both Glu
uptake and its precursors such as -KG, Pro, His, Asp and its
derivative asparagine were detected at higher levels in the SPE
as compared with EPE (Fig. 5). In addition, the uptake of Pro
and His was also increased in SPE. Because their main meta-
bolic fate is Glu, our results suggest that the metabolism in SPE
shifts toward Glu production and further oxidation in the TCA
cycle through -KG. However, it is also possible that the con-
comitant increase of Pro, His, and Glu uptake could lead to an
accumulation of these precursors. In both cases, our findings
are in agreement with the hypothesis that Glu or its 2-oxoacid
derivative is critically involved in the parasite’s survival in this
phase.
Histidinemetabolism
T. cruzi is the only trypanosomatid equipped with putative
genes encoding the four enzymatic steps connecting His to Glu
as follows: His ammonia-lyase, urocanate hydratase, imida-
zolone propionase, and formiminoglutamase. Recently, it was
shown that this parasite can fully oxidize His, producing CO2
Figure 2. PCA model score plot of LC-MS/MS data from analyzed T. cruzi epimastigotes samples comparing exponential (n  13, squares) and
stationary (n 14, triangles) phases outlines a separation between the two phases.
Metabolic switch induced by nutrient starvation in T. cruzi
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and triggering an increase of the mitochondrial membrane
potential andO2 consumption (11). In addition,His is an essen-
tial amino acid in T. cruzi; therefore, its intracellular levels
depend on both its uptake and degradation rates. Our results
show that the intracellular levels of His and urocanate, the first
metabolic intermediate in the His metabolism, were signifi-
cantly increased in SPE as compared with EPE. Therefore, we
measured His transport-specific activity in both EPE and SPE
populations, and it was slightly increased in SPE when com-
pared with EPE (Fig. 5 and supplemental Table S2). The small
Figure 3. Heatmap ofmetabolites detected in T. cruzi epimastigotes from selectedmetabolic pathways. Each line represents ametabolite detected by
LC/MS-MS analysis, and values are represented as themetabolite/internal standard area ratio of MS signals detected byMRMnormalized to the cell numbers.
Columns represent each technical replicate fromseven independent experiments in exponential phase (green labeledon the top-left side) and stationary phase
(orange labeled on the top-right side). *, metabolites that presented a significant difference between exponential and stationary phases according to the
Benjamini and Hochberg test (supplemental Table S2). The colors vary from deep blue (very low data value) to dark brown (extremely high data value).
Metabolic switch induced by nutrient starvation in T. cruzi
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Figure 4. Glycolysis and TCA cycle intermediate levels compared in exponential and stationary phases of T. cruzi epimastigotes.Values correspond to
themetabolite/internal standard area ratio ofMS signals detectedbyMRMnormalized to the cell numbers. * indicates significant differences between EPE and
SPE according to the Benjamini and Hochberg test (supplemental Table S2).Numbers indicate the corresponding enzymes. 1, Phosphoenolpyruvate carboxy-
kinase; 2, malate dehydrogenase (glycosomal); 3, fumarate hydratase (glycosomal); 4, NAD-linked fumarate reductase; 5, pyruvate-phosphate dikinase; 6,
alanine dehydrogenase; 7, pyruvate kinase; 8, alanine aminotransferase; 9, NADP-linked malic enzyme; 10, citrate synthase; 11, aconitase; 12, isocitrate
dehydrogenase; 13, -ketoglutarate dehydrogenase; 14, succinyl CoA-synthetase; 15, succinate dehydrogenase; 16, fumarase; 17, malate dehydrogenase.
Dashed arrows indicate several enzymatic reactions.
Metabolic switch induced by nutrient starvation in T. cruzi
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increase in His uptake could contribute to the increased intra-
cellular levels of His and urocanate in SPE.
Prolinemetabolism
Our results showed that the intracellular levels of Pro were
significantly increased in SPE as compared with EPE (Fig. 5 and
supplemental Table S2). Pro levels were shown to be critical in
several biological processes in T. cruzi epimastigotes, such as
differentiation, resistance to oxidative imbalance, as well as
response to nutritional and thermal stress (10, 13–16). Differ-
ently from His, epimastigotes were able to synthesize Pro.
Therefore, the balance of Pro levels is more complex than His
and is determined by the interplay among its degradation, bio-
synthesis from Glu, and uptake rates through two active trans-
porters. Similar to most organisms, Pro degradation to Glu
occurs through two enzymatic steps where Pro is first con-
verted into1-pyrroline-5-carboxylate (P5C) by a Pro dehydro-
genase with the production of FADH2 followed by conversion
into Glu by P5C dehydrogenase (P5CDH) with the production
of NADH (Fig. 5 and supplemental Table S2). Both enzymatic
steps by themselves are able to energize the mitochondria, pro-
moting the production of ATP without requiring the deamina-
tion of Glu and further full oxidation through the TCA cycle
and oxidative phosphorylation to obtain energy. Differently
from other organisms, this pathway is not branched because
there is no functional ornithine aminotransferase in T. cruzi
epimastigotes able to interconvert P5C and ornithine (12, 17).
The lack of an ornithine aminotransferase interconverting
ornithine and P5C indicates that all of the oxidized Pro have to
be converted into P5C/GS and Glu and that all the biosynthe-
sized Pro have to be produced fromGlu. Thus, the relative gene
expression levels and specific enzymatic activities of P5CR (Pro
biosynthesis) and P5CDH (Pro degradation) both in EPE and
SPE could indicate the predominant direction of Pro metabo-
Figure 5.Metabolic networkof selected amino acids and their intermediates in EPE andSPEphases of T. cruzi epimastigotes. Transport of amino acids
are represented by light green bars, and values correspond to nanomoles of Ile (A), Val (B), His (C), Pro (D), and Glu (E) incorporated by 2.0 107 parasites in EPE
and SPE. Values ofmetabolite levels correspond to themetabolite/internal standard area ratio ofMS signals detected byMRMnormalized to the cell numbers.
* indicatesmetabolites with a significant difference between EPE and SPE according to the Benjamini and Hochberg test (supplemental Table S2). Differences
in the transport of amino acids were found as statistically significant by using unpaired Student’s t test (proline System B p  0.001, histidine p  0.041,
glutamate p 0.01).N.S. indicates that no significant variationwas observed in the transport of the corresponding amino acid.Dashed arrows representmore
than one enzymatic reaction.Numbers indicate the corresponding enzymes: 1, tyrosine aminotransferase; 2, serine/threonine dehydratase; 3, histidine ammo-
nia-lyase; 4, alanine aminotransferase; 5, glutamate dehydrogenase; 6, proline dehydrogenase; 7, pyrroline-5-carboxylate dehydrogenase; 8, pyrroline-5-
carboxylate synthetase; 9, pyrroline-5-carboxylate reductase; 10, asparagine synthetase; 11, asparaginase; 12, aspartate aminotransferase.
Metabolic switch induced by nutrient starvation in T. cruzi
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lism (biosynthesis or degradation) in each phase (Fig. 6). Inter-
estingly, both protein and enzymatic activity levels of P5CR
were higher in the EPE than in the SPE, whereas the opposite
was observed for P5CDH (Fig. 6, B and C). This suggests an
up-regulation of the synthesis of Pro during the exponential
phase, which could drive the metabolism to a pre-adaptive
accumulation of this amino acid. It is worth mentioning that
Pro can be consumed in SPE to support metacyclogenesis and
can be used bymetacyclic trypomastigotes to energize the inva-
sion of the mammalian hosts (18). In fact, from all the selected
metabolites analyzed in this study, Pro presented the highest
levels, measured as metabolite/internal standard area ratio of
MS signals detected by MRM normalized to the cell numbers,
in both T. cruzi EPE and SPE (Fig. 5). Because we detected dif-
ferences between Pro synthesis and degradation in EPE and
SPE, we evaluated the contribution of its uptake in both growth
phases. Previously, we described and characterized two Pro
transport systems, designated A and B (19). Both systems had
different kinetic and thermodynamic characteristics, showing
substrate saturations at 0.75 mM (system A) and 3 mM (systems
A  B). Thus, transport activities for both systems were mea-
sured at substrate-saturating concentrations. Interestingly, sys-
tem A did not show variations in Pro uptake, but system B
increased3 times its activity (Fig. 5). The increase in the Pro
uptake may be compensating for the simultaneous up-regula-
tion of Pro consumption and down-regulation of Pro synthesis,
avoiding a futile cycle, and could be responsible for Pro accu-
mulation in SPE.
Branched chain amino acidmetabolism
Leucine (Leu), isoleucine (Ile), and valine (Val) are branched-
chain amino acids (BCAA), and the only ones involved in the
energy production in T. cruzi that are not directly connected to
Glu (20). These amino acids are oxidized to acetyl- or methyl-
malonyl-CoA and further oxidized through the TCA cycle.
Similar to most eukaryotic cells, BCAA are essential for
T. cruzi. Therefore, their intracellular levels also depend on
their uptake andmetabolism. As described previously, all three
BCAA are taken up by the same transporter (21), and their
specific transport activity did not change in SPE when com-
pared with EPE (Fig. 5). The fact that the intracellular levels for
Ile andVal are slightly reduced, while Leu remained constant in
SPE comparedwith EPE, indicates that Ile andVal catabolism is
more active than Leu during the stationary phase (Fig. 5).
Thiol-containing amino acids
An important group of metabolites related to energy metab-
olism and defense against oxidative stress are polyamines and
the thiol-containing amino acids. To assess potential variations
of these thiol-containingmetabolites between EPE and SPE, we
measured the levels of intermediates involved in the different
routes for cysteine (Cys) biosynthesis as well as potential vari-
ations in the levels of glutathione, spermidine, and trypano-
thione (TSH). The latter represents the main antioxidant agent
in the redox metabolism in trypanosomatids. As shown in Fig.
7, the relative abundance of the intermediates belonging to the
reverse trans-sulfuration pathway (RTP) (serine, homocys-
teine, and cystathionine) as well as those related to de novo
synthesis of cysteine (serine andO-acetylserine) were increased
in SPE as compared with EPE. These results strengthened pre-
vious findings showing that unlike most living organisms
T. cruzi displays an unusual redundancy in cysteine production
by the co-existence of de novo synthesis and the RTP. As sche-
matized in Fig. 7, precursors such as serine, acetyl-CoA, and
O-acetylserine are required for de novo synthesis of cysteine.
This is a two-step pathway catalyzed by serine acetyltransferase
and cysteine synthase, and both enzymes have been found to
be functional in T. cruzi (22, 23). Interestingly, cystathionine
-synthase (CBS), which catalyzes the first step of the RTP, is
distinguished from its mammalian counterpart by its broader
substrate specificity. In addition to catalyzing the condensation
of serine with homocysteine to produce cystathionine, the
T. cruziCBS can also act as a serine sulfhydrylase and a cysteine
synthase. Given that cystathionine -lyase is also functional in
T. cruzi, cystathionine is expected to be also cleaved to produce
cysteine, the end product of the RTP.
In contrast, synthesis of TSH is known to be essential for
neutralizing free radicals, thereby contributing to the redox
homeostasis in all of the developmental stages ofT. cruzi. How-
ever, our results unexpectedly showed that the availability of
Glu and the higher abundance of cysteine in SPE were not
reflected in an increase in the relative abundance of TSH in SPE
Figure6. Prolinemetabolism is finely regulated inT. cruziepimastigotes
transitioning from exponential to stationary phase of growth. A, sum-
mary of the main intermediates involved in the proline (Pro) glutamate (Glu)
interconversion pathway of T. cruzi. Proline oxidation to P5C is catalyzed by a
FAD-dependent proline dehydrogenase (TcProDH). Subsequently, P5C is
spontaneously converted into -glutamate semialdehyde and then oxidized
to glutamic acid by a NAD(P)-dependent 1-pyrroline-5-carboxylate dehy-
drogenase (TcP5CDH). Glutamic acid can be reduced into P5C in two enzy-
matic steps catalyzed by a bi-functional P5C-synthetase hydrolyzing ATP and
oxidizingNADPH. P5C produced fromglutamic acid can be reduced into pro-
line by a P5C-reductase with oxidation of NADPH. B, analysis of expression of
two proline metabolism enzymes (TcP5CDH and TcP5CR) by Western blot-
ting. Protein extracts were prepared from parasites (1  107 parasites per
lane) in EPE or SPE phase of growth. Proteins were blotted and probed with
corresponding polyclonal antibodies produced inmouse against TcP5CS (83
kDa), TcP5CDH (63 kDa), and glyceraldehyde-3-phosphate dehydrogenase,
used as loading control (TcGAPDH-39 kDa).C, comparison of enzymatic activ-
ities in parasites from EPE and SPE. Cell-free protein homogenates were pre-
pared asdescribedpreviously andused in the enzymatic test. Enzymatic rates
were determined spectrophotometrically by following the changes in absor-
bance (340 nm) of NADPH oxidation (decrease) or NAD
 reduction (increase)
in the TcP5CR or TcP5CDHassays, respectively. One enzymeunit represents 1
mol of NADP or NADH produced per min, accordingly. Bar represents
means S.D. from four biological replicates. Differences were found as sta-
tistically significant by using unpaired Student’s t test. Significance values are
depicted by ***, p  0.001, or **, p  0.05, by comparing exponential over
stationary values.
Metabolic switch induced by nutrient starvation in T. cruzi
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Figure 7. Thiol-containing metabolite levels and cellular redox state in EPE and SPE. Schematic representation of cysteine and trypanothione biosynthetic
pathways.Thereactionscatalyzedby1 (cystathionine--synthase)and2 (cystathionine--lyase)correspondtothecanonicalRTP.Themetabolicstep3 isalsocatalyzed
by CBS to produce cystathionine and H2S via condensation of homocysteine and cysteine, the latter being the preferred substrate. Reaction 4 illustrates CBS contri-
bution to thedenovo synthesis of cysteineby its serine sulfhydrylase activity.Reaction 5depicts involvement of cysteine synthase andCBS in thedenovo synthesis of
cysteine, 6, glutamylcysteine synthetase; 7, glutathione synthetase; 8, spermidine synthase; 9, trypanothione synthetase. Dashed arrows represent more than one
enzymatic reaction. Values correspond to the metabolite/internal standard area ratio of MS signals detected by MRM normalized to the cell numbers. *, indicates
significant differences between EPE and SPE according to the Benjamini andHochberg test (supplemental Table S2).
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(Fig. 7). It is possible that the synthesis of TSH is limited by the
significantly lower abundance of spermidine in SPE, which is
essential to accomplish the final steps in TSH biosynthesis.
T. cruzi is the only eukaryotic organism unable to synthesize
polyamines de novo because it lacks ornithine and arginine de-
carboxylases, the enzymes catalyzing the first step in poly-
amines biosynthesis (24, 25). Interestingly, despite there being
no evidence of the urea cycle in the parasite’s genome, ornithine
and citrulline were detected in both growth phases, and orni-
thine levels were around four times higher in SPE compared
with EPE, whereas arginine and citrulline levels were similar
between both phases (supplemental Fig. 1). Spermidine is
involved in cell cycle control in trypanosomatids (26). As men-
tioned above, our results showed that the intracellular levels of
spermidine were decreased in SPE compared with EPE (Fig. 7).
This finding is in agreement with the fact that in SPE the cellu-
lar replication process, one of the most polyamines demanding
cellular processes, is arrested.
Discussion
In this work, we applied a targetedmetabolomic approach to
assess themetabolic changes that occur inT. cruzi epimastigote
parasites transitioning from the exponential to the stationary
phase of growth. Herein, we established a correlation between
the relative abundance of assessedmetabolites with ametabolic
process resulting from the nutritional conditions that parasites
have to face during exponential and stationary growth. We
carefully normalized the data, and the presented results have
been obtained from independent biological replicates that also
included newmedia preparation with components from differ-
ent batches. Therefore, the patterns observed among metabo-
lites represent a specific response to nutritional starvation
under the experimental conditions used for this study.
The first systematic analysis of the different phases of a
growth curve was reviewed by J. Monod in his classical work
“The Growth of Bacterial Cultures” (27). In that seminal work,
the author established that bacterial growth constitutes “a
method for study of bacterial physiology and biochemistry” rul-
ing out the argument that growth phases are referred to as just
a laboratory phenomenon. General aspects of growth curves
analysis described byMonod (27) are valid not only for prokary-
otic organisms but also applies to most unicellular organisms,
including unicellular fungi and protozoa.
Cells of exponential and stationary phases of growth corre-
spond to different physiological states (1); therefore, it is
expected that these differenceswill be reflected at themetabolic
level. In the specific case ofT. cruzi, the occurrence of these two
well-defined phases of parasite growth in the gut environment
of its natural triatomine host was recently documented by ana-
lyzing the development of the parasite in the different portions
of the insect gut (28). Dias Fde et al. (28) showed that parasite
densities remain constant over time in the anterior and poste-
rior midgut, whereas parasites in the hindgut exhibited an
exponential growth profile within the first 5 days of post-infec-
tion. It should be stressed that parasites reported as being in the
stationary phase of growth were epimastigotes because meta-
cyclic trypomastigotes started to appear at day 7 post-infection
and did not constitute more than 7% of the total cells at that
time. These findings by Dias Fde et al. (28) are consistent with a
previous review of the stationary phase phenomena suggesting
that a potential metabolic switch in parasites during the sta-
tionary phase may represent a pre-adaptive stage for metacy-
clogenesis, a critical differentiation step inside its invertebrate
host (4). As a first approach to assess inmore detail these adapt-
ive metabolic changes, we performed a targeted metabolomic
analysis of 47 metabolites to address the hypothesis that EPE
and SPE cells constitute two different populations in terms of
metabolite composition. From the selectedmetabolites, sperm-
ine, putrescine, acetyl-CoA, and -methylcrotonyl-CoA were
not detected in EPE nor SPE under our experimental condi-
tions. The data presented in this work support our hypothesis
(Fig. 2). Interestingly, PCA analysis revealed greater variation
among SPE samples than EPE samples. Among the factors that
can contribute to differences in themetabolite profile is the fact
that the stationary phase is defined by the absence of net growth
of the cell population, which is composed of a heterogeneous
population of replicating, quiescent, and dying cells. Replicat-
ing and quiescent cells can be undergoing a combination of
complex stress-resistant strategies, from the production of
anti-oxidant defenses to autophagy, contributing to the varia-
tions observed at the metabolic level among SPE samples.
We initially hypothesized that T. cruzi epimastigotes finely
orchestrate a metabolic switch, especially related to energy
metabolism, when exposed to nutritional starvation. Glycolysis
and the TCA cycle are considered the major metabolic path-
ways for production of ATP and reducing equivalents in most
mitochondrion-bearing organisms. Exponentially growing
T. cruzi epimastigotes are not an exception because all the
TCA cycle intermediates were detected in EPE, and enzymes
involved in the TCA cycle are predicted to be functional (7).
Moreover, epimastigotes can use either glucose or amino acids
as a source of energy for growth, although glucose is preferred
during the exponential phase, and amino acids are preferred
during the stationary phase (7, 29, 30). Consistent with these
previous findings, our results showed the expected variations
for free glucose and Pyr, by comparing EPE and SPE first and
last metabolites of the glycolytic pathway. Asmentioned above,
glucose was still detected in SPE despite extracellular glucose
having been depleted at that stage (8), which may indicate that
in SPE either amino acids are serving for de novo synthesis of
glucose to maintain a certain intracellular level or glucose con-
sumption is arrested. T. cruzi has the two essential enzymes for
gluconeogenesis: a reversible phosphoenolpyruvate carboxyki-
nase, which indicates that gluconeogenesis from several amino
acids may occur, and a fructose-1,6-bisphosphatase (31, 32).
However, the parasite lacks a reserve polysaccharide. A detailed
metabolic analysis of this pathway has not been performed, and
our results suggest a potentially critical role of intracellular lev-
els of glucose in this parasite, which certainly warrants further
studies.
Remarkably, succinate and fumarate did not show significant
differences between EPE and SPE (Fig. 4). Succinate can be
converted to fumarate by succinate dehydrogenase, and fuma-
rate reductase converts fumarate into succinate. Succinate de-
hydrogenase is the only TCA enzyme that is a structural com-
ponent of the respiratory chain. In addition, this enzyme is part
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of the fully functional complex II inT. cruzi,which functions as
the first respiratory chain complex because complex I is not
functional in this organism (12). Moreover, a fumarate reduc-
tase activity was previously described in T. cruzimitochondrial
fractions that can reversibly reduce fumarate into succinate
(29). This enzyme is present in several bacteria, protozoa,
yeasts, and other eukaryotes that are submitted to low O2 ten-
sion in some or all of the natural environments in which they
live. Fumarate reductase contributes to theTCA to proceed in a
reverse mode under anaerobic conditions, so NAD can be
regenerated from NADH-stimulating glycolysis and ATP pro-
duction by regulation of the levels of substrate phosphorylation
(7, 29). Because of these overlapped enzymatic activities of
fumarate reductase and succinate dehydrogenase, where the
main difference is the cofactor used as donor or acceptor of
electrons, some controversy was generated regarding whether
both enzymes are present in the parasite or both reactions are
catalyzed by the same enzyme. A cytoplasmic dihydroorotate
dehydrogenase with a unique fumarate reductase activity was
described in T. cruzi, resolving this point (17). Interestingly,
despite the total levels of fumarate and succinate not changing
in EPE and SPE, a significant reduction in dihydroorotate and
an increase in orotate were detected in SPE as compared with
EPE (Fig. 4 and supplemental Fig. 1). An increased level of oro-
tate, a precursor for pyrimidine biosynthesis, was surprising
becauseRNAandDNAbiosynthesis are expected to be reduced
in SPE. These results support a previous hypothesis that fuma-
rate/succinate balance may regulate the redox homeostasis in
this parasite and that dihydroorotate dehydrogenase is a poten-
tial drug target due to its unique activity (17). One potential
explanation for a tight regulation of succinate/fumarate levels
could be that variations of their levels could unbalance the elec-
tron flow through the respiratory chain, modifying the mito-
chondrial innermembrane potential. In addition, it could affect
the ATP levels in the following twoways: 1) through complex V
of the respiratory chain, which depending on the polarization
state of the mitochondria can operate in the ATP synthesis
mode using the H gradient as driving energy or in the H
pump mode re-establishing  by ATP hydrolysis, or 2)
through the availability of NAD to keep glycolysis working. In
summary, the fact that fumarate and succinate levels remained
constant in EPE and SPE, despite other TCA and pyrimidine
intermediates levels changing when comparing EPE and SPE,
supports the hypothesis that their homeostasis is critical for the
cell survival.
As mentioned above, a metabolic switch from glucose to
amino acid consumption occurs when EPE progresses to SPE
and Glu is an intermediate of oxidation when Pro or His are
used as energy sources. Our results showed a significant
increase in His and its first metabolic product, urocanate (Fig.
5). Because there are no alternative routes for His degradation
besides Glu synthesis, and neither biochemical evidence nor
putative genes encoding enzymes for His biosynthesis were
found in T. cruzi, the observed changes can only be attributed
to an increase in His uptake. In fact, transport experiments
showed increased transport of His in SPE when compared with
EPE (Fig. 5). This is the first time that a systematic analysis of
the metabolic changes induced by nutritional stress is assessed
in T. cruzi epimastigotes during their exponential and station-
ary phases of growth. Our results are in agreement with recent
findings regarding the metabolic environment in the gut of the
insect host where a reduced availability of oxygen implies
anaerobic fermentation of glucose and amino acid carbon
sources. Interestingly, His is the predominant free amino acid
in the triatomine feces (33), which correlates with our results
showing that His uptake and its metabolism is increased in SPE
as a metabolic adaptation under nutritional starvation.
In contrast, interpretation of the high levels of Pro detected
in our analysis is more complex because (i) putative genes for
Pro biosynthesis from Glu are present in the T. cruzi genome,
and Pro biosynthesis was recently demonstrated in this para-
site;6 and (ii) Pro uptake occurs through two different trans-
porters (19). Therefore, changes in the free levels of Pro in SPE
as compared with EPE are the result of an interplay among
consumption, biosynthesis, and uptake through two active
transporters. Our results showed that despite Pro consumption
increases in SPE, intracellular levels of Pro are also increased in
these cells (Fig. 6); therefore, an increase in Pro biosynthesis
and/or uptake should be considered. In fact, both protein levels
and enzymatic activity of the enzymes required to convert Glu
into Pro were reduced, which is consistent with directing Pro
to oxidation, whereas both Pro transport systems notably
increased their activity. This suggests a predominant synthesis
of Pro during the exponential phase, driving the metabolism to
a pre-adaptive accumulation of this amino acid that can be con-
sumed in SPE to support metacyclogenesis, and it can be used
by metacyclic trypomastigotes to energize the invasion of the
mammalian hosts (18). Altogether, our results support the
hypothesis that when parasites progress from EPE to SPE, cells
finely orchestrate a metabolic switch when exposed to nutri-
tional starvation as indicated by the reduction of glucose levels
and an increased transport of Pro and His.
Besides Pro and His, BCAA can be also oxidized through the
TCA cycle through their conversion into acetyl-CoA. It is
worth mentioning that acetyl-CoA was not detected either in
EPE or SPE. All three BCAA are taken up by the same trans-
porter, and because the first steps of their degradationpathways
are also catalyzed by the same enzymes, it would be expected
that their levels would follow a similar pattern in EPE and SPE.
Surprisingly, the intracellular levels of Ile and Val were reduced
in SPE as compared with EPE, whereas Leu remained constant
(Fig. 5). These results strongly suggest a differential metabolic
regulation of Leu degradation compared with Ile and Val. The
fact that bothVal and Ile levels are reduced and their derivatives
-keto-isovalerate and 3-methyl-2-oxovalerate are increased in
SPE indicates an increased consumption of these amino acids
with production of the corresponding ketoacids that are the
products of a transamination reaction that, differently from
other organisms, in T. cruzi could be catalyzed by a tyrosine or
aspartate aminotransferase.7 The biological relevance of a pref-
6 Mantilla, B. S., Marchese, L., Casas-Sánchez, A., Dyer, N. A., Ejeh, N., Biran, M.,
Bringaud, F., Lehane, M. J., Acosta-Serrano, A., and Silber, A. M. (2017) Pro-
line metabolism is essential for Trypanosoma brucei brucei survival in the
tsetse vector. PLoS Pathog. 13, e1006158.
7 N. C. Manchola, A. M. Silber, and C. Nowicki, manuscript in preparation.
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erential use of Ile and Val over Leu remains to be addressed and
may unveil novel potential drug targets.
As mentioned before, polyamines and the thiol-containing
amino acids are an important group of metabolites related to
energymetabolism and the defense against oxidative stress. For
the first time, our findings presented herein provide experi-
mental evidence that a reduced synthesis of polyamines has
a negative impact on TSH levels (Fig. 7). The significantly
increased levels of cysteine detected in SPE would compensate
in some way for the strong need of reducing power for detoxi-
fication of reactive oxygen and nitrogen species that are more
actively produced in SPE. It is noteworthy to mention that
T. cruzi CBS is able to catalyze different reactions leading to
H2S production that could play signaling or regulatory func-
tions on varied proteins by a covalent modification of their
essential thiols, including those related to the RTP and de novo
synthesis of cysteine. It is important to keep in mind that both
processes take place in the cytosol. The findings reported here
show for the first time the co-existence of intermediates related
with de novo synthesis of cysteine such as O-acetylserine in
parallel with those belonging to the RTP such as cystathionine.
This observation alongside previous results showing the func-
tionality of the enzymes involved in de novo synthesis as well as
the RTP (23) provide strong evidence for the operability of both
routes in T. cruzi. In addition to the described metabolic
uniqueness, our results showed that these processes are differ-
entially used in both phases of epimastigote growth. Interest-
ingly, recently it was suggested that epimastigote proliferation
requires an oxidative environment to happen, whereas differ-
entiation occurs in a more reductive setting (34).
Interestingly, ornithine levels were around four times higher
in SPE compared with EPE, whereas arginine and citrulline lev-
els were similar between both phases (supplemental Fig. 1).
Recently, a novel arginine/ornithine transporter expressed
in intracellular compartments was reported in T. cruzi (35).
Because there is no evidence of the urea cycle in the parasite’s
genome, the novel transporter is considered to be physiologi-
cally involved in arginine homeostasis throughout the T. cruzi
life cycle. Ornithine and citrulline are likely being uptaken from
the liver infusion tryptose media; however, the increase orni-
thine levels detected are a real response to starvation as men-
tioned above. Different biological roles of polyamines beyond
metabolism have been proposed such as contribution to
osmotic stress protection by functioning as “osmolytes” and
different mechanisms for stress protection, including acidic
stress (36). Nevertheless, the potential biological role of
polyamines beyond metabolism in T. cruzi remains largely
unknown with new functions waiting to be unveiled.
In summary, our results provided strong evidence that
T. cruzi epimastigotes exhibit a finely tuned adaptivemetabolic
mechanism that allows the switch from highly reduced and
energy-rich metabolites, such as glucose, to more oxidized
energy-poorer nutrients such as amino acids, which are the
most abundant nutrients in the stationary phase ofT. cruzi epi-
mastigote growth. This metabolic plasticity appears to be cru-
cial for the T. cruzi parasite’s survival throughout the myriad of
different environmental conditions that parasites go through
during their life cycle, and likely there is a reason for certain
metabolites to be more or less abundant at certain stages. A
deep knowledge of their metabolic capabilities and their
changes during the life cycle would likely reveal key metabolic
checkpoints as novel targets for future therapeutic intervention
and epidemiological control of Chagas disease.
Experimental procedures
Chemicals
All chemicals and compounds were of analytical grade un-
less stated otherwise. Internal standards L-[13C6,15N2]lysine,
L-[15N2]phenylalanine, L-[15N2]glutamic acid, and [1,4-13C2]
succinic acid were purchased fromCambridge Isotope Labora-
tories (Tewksbury,MA). 2-D1-Methioninewas purchased from
CDN Isotopes (Pointe-Claire, Quebec, Canada). Mass spec-
troscopy grade acetonitrile, methanol, ammonium formate,
and formic acid (99%) were purchased from Fisher Scientific
(Hampton, NH). Mass spectroscopy grade water was prepared
with aMilliporeMilli-QPlus systemequippedwith an LC-Pak
cartridge (EMDMillipore, Billerica, MA). All metabolites used
as analytical standards listed on supplemental Table S1 were
purchased from Sigma unless stated otherwise. Culture media
and fetal calf serum (FCS) were purchased from Invitrogen.
Experimental design and sample collection
T. cruzi CL strain clone 14 epimastigotes (37) were main-
tained by sub-culturing every 48 h in liver infusion tryptose
medium supplemented with 10% FCS at 28 °C. Exponential
phase epimastigotes were obtained from a 24-h culture starting
at 2.5  107 parasites/ml (Fig. 1). Stationary phase epimastig-
otes were obtained from an exponential culture at 5.0  106
parasites/ml and maintained for 4 days without media change.
Parasites were harvested by centrifugation at 4,000 rpm for 10
min and washed twice with cold PBS (137 mM NaCl, 2.7 mM
KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) to remove
metabolites that were in excess in the medium that can mask
smaller changes in the internal metabolome (38). An aliquot
was separated for cell counting with a Neubauer chamber, and
the remainder of the sample was immediately frozen by immer-
sion in ethanol/dry ice bath. Cell pellets were stored at	80 °C
until metabolite extraction was performed. Seven independent
biological replicates were obtained for each growth phase of
epimastigotes. Two or three technical replicates for each bio-
logical replicate were processed for metabolite extraction and
analyzed by LC-MS/MS.
Sample preparation for targetedmetabolomics
Metabolites were extracted from 13 samples of T. cruzi epi-
mastigote collected during the exponential phase and 14 sam-
ples of T. cruzi epimastigote collected during the stationary
phase. Duringmetabolite extractions, sampleswere kept on ice.
Metabolite extraction protocol was adapted from Ref. 39.
Briefly, extraction was initiated by adding 400 l (sample up to
5  107 parasites) or 800 l (sample 5  107 parasites)
of extraction mixture containing methanol/water (1:1, v/v)
and the necessary amount of internal standards to obtain the
final concentration indicated after metabolite extraction
(L-[13C6,15N2]lysine (2 M), L-[15N2]phenylalanine (1 M),
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L-[15N2]glutamic acid (5 M), [1,4-13C2]succinic acid (5 M)
and 2-D1-methionine (5 M)). The cell pellet was mixed for 5
minwith a vortex at 4 °C. Then, three cycles of sonication on ice
for 2 min and incubation on dry ice for 5 min were performed.
Finally, samples were centrifuged at 12,000 rpm for 20 min at
room temperature to recover the supernatant and dried in a
SpeedVac set at room temperature. Samples were stored at
	80 °C until analysis by LC-MS/MS when samples were resus-
pended in water and filtered using a MultiScreen Ultracel-10
filter plate (EMD Millipore, Billerica, MA). Injections of 10 l
were performed for both standards and samples. Standardsmix
was freshly prepared from stocks and diluted in water.
Data acquisition and analysis
To perform targeted metabolomics on a broad spectrum of
metabolites of central metabolic pathways, such as glycolysis,
tricarboxylic acids cycle, amino acids, and low molecular
weight thiols, different chromatographic separations were
implemented. Two previously described methods using ultra-
high performance liquid chromatography tandem mass spec-
trometry (UPLC-MS/MS) were used for analysis of the metab-
olites described on supplemental Table S1 (40, 41). Briefly,
separations and analyses were performed using a Waters
ACQUITY H-class UPLC (Waters) liquid chromatography
system in tandem with a XEVO TQ-MS mass spectrometer
(Waters) equipped with an electrospray ionization (ESI) source
operating both in the positive and negative ion modes. The
LC system was equipped with a quaternary pump, and
the autosampler was set at 10 °C. The standards and samples
were separated using the following two gradient elution chro-
matographic separations.
Method A—A waters ACQUITY UPLC HSS T3 column (1.8
m, 2.1  100 mm) with an in-line filter was maintained at
45 °C.Mobile phase A consisted of 100%water and 0.2% formic
acid (v/v);mobile phase B consisted of 100%methanol and 0.1%
formic acid (v/v). The gradient elution was as follows: 0–1 min
isocratic 98%A, 1–4min linear from2 to 70%B, 4–5min linear
from70 to 90%B, 5–6min isocratic 90%B, 6–7min linear from
90 to 2% B. The 98% mobile phase A was maintained for 3 min
for column equilibration. The flow rate was set at 0.3 ml/min
(40).
Method B—A Waters ACQUITY UPLC BEH C18 column
(1.7 m, 2.1 50 mm) with an in-line filter was maintained at
40 °C. Mobile phase A consisted of 25 mM ammonium formate
in 98% water and 2% acetonitrile, pH 8.2; mobile phase B con-
sisted of 5 mM ammonium formate in 98% acetonitrile and 2%
water. The gradient elution was as follows: 0–0.2 min isocratic
100% A; 0.2–1.08 min linear from 0 to 30% B; 1.08–6.63 min
linear from 30 to 55% B; 6.63–7.20 min linear from 55 to 100%
B; 7.20–9.46min isocratic 100% B; 9.46–9.75min linear from 0
to 100% A; and 9.75–11.45 min isocratic 100% A for column
equilibration. The flow rate was set at 0.31 ml/min (41).
For theMS analysis using LCmethod A, the capillary voltage
was set at 3.0 kV for positive ion mode and 3.7 kV for negative
ionmode. Formethod B, the capillary voltage was set at 3.75 kV
for positive ion mode. The source and desolvation gas temper-
atures of the mass spectrometer were set at 150 and 500 °C,
respectively. The desolvation gas (N2) was set at 800 liters/h.
Relative quantitative determination was performed in ESI neg-
ative and positive ion mode using MRMmode. The ion transi-
tions, cone voltage, and collision energy used for ESI-MS/MS
analysis were determined usingMassLynxV4.1 Intellistart soft-
ware (supplemental Table S1). Data were acquired usingMass-
Lynx V4.1 software and processed using TargetLynxTM appli-
cation manager (Waters). Relative quantitative determination
(response) was performed by determining the metabolite/in-
ternal standard area ratio of MS signals detected by MRM.
Responses were further normalized to cell number.
Statistical analysis
The PCA, heat map, and t test for metabolomics data were
performed usingMetaboAnalyst 3.0 (42, 43). One-way analysis
of variance followed by the Tukey post-test was used for statis-
tical analysis. TheBenjamini andHochberg procedurewas used
to analyze differences between groups, and a false discovery rate
of 0.05 was used to identify statistically significant differences.
After performing the multivariate analysis of the samples using
MetaboAnalyst 3.0, one technical replicate outlier from the expo-
nential phase was removed from the subsequent analysis (44).
Amino acids uptake in EPE and SPE
Parasites were cultured as described above and harvested by
centrifugation at 4,000 rpm for 10 min, washed twice with cold
PBS, counted, and adjusted to a final concentration of 20 107
cells/ml and distributed in 100-l aliquots. Transport assays for
each tested amino acid was initiated by the addition of 100l of
3 mM of the corresponding unlabeled amino acid in PBS traced
with the corresponding radiolabeled amino acid (PerkinElmer
Life Sciences) as described previously for L-[U-14C]histidine
(11), L-[3,4,5-3H]leucine, L-[U-14C]valine, L-[U-14C]isoleucine
(21), L-[2,3,4,5-3H]proline (19), and L-[3,4-3H]glutamate (45).
The uptake was measured at 28 °C during 1 min and stopped by
theadditionof50mM(800l) of a cold solutionof thecorrespond-
ing unlabeled amino acid. Parasite pellets were washed twice with
PBS (12,000 rpm, 2min at 4 °C) and resuspended in a scintillation
mixture, and incorporated radioactivity was measured using a
scintillation counter (PerkinElmer Life Sciences Tri-Carb 2910
TR).
Western blot analysis
The presence of TcP5CDH (EC 1.5.1.12) and TcP5C-synthe-
tase (2.7.2.11) proteins in the proliferative forms of T. cruziwas
determined by Western blotting in parasite homogenates.
Briefly, parasites were harvested by centrifugation (4,000 rpm
for 10min at 4 °C) andwashed twicewith cold PBS. Pellets were
resuspended in lysis buffer containing 20mMTris-HCl, pH 7.9,
1 mM EDTA, pH 8.0, 0.25 M sucrose, 50 mM NaCl, 5% glycerol
(v/v), 1% Triton X-100 (v/v), 1 mM PMSF, 10 g/ml aprotinin,
and 10 M N-(trans-epoxysuccinyl)-L-leucine 4-guanidinobu-
tylamide (E-64), and 10 g/ml of N-tosyl-L-lysine chloro-
methyl ketone. Samples were chilled on ice for 40 min and
clarified by centrifugation (12,000 rpm for 15 min at 4 °C).
Supernatants were recovered, and protein concentration was
determined by the Bradford method using bovine serum albu-
min as standard (46). Samples were submitted to protein elec-
trophoresis (SDS-PAGE) loading an equal amount (30 g) of
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total protein per lane. Proteins were transferred to 0.2-m
PVDF membranes (GE Healthcare), blocked with PBS buffer
plus 0.3% Tween 20 (v/v) (PBST) supplemented with 5% skim
milk powder (w/v), and probed for 16 h at 4 °C against specific
sera. TbP5CDH was probed with a polyclonal specific serum
(1:4,000) raised against the recombinant TcP5CDH-His6
(TrytripDB accession number Tc00.1047053510943.50) (9).
The enzyme P5C-synthetase was probed with a polyclonal
serum (1:3,000) produced in mouse against its recombinant
isoform of T. cruzi (TrytripDB accession number TCSYLVIO_
005298).8 Membranes were washed three times and incubated
with a secondary goat anti-mouse IgG horseradish peroxidase
(Sigma) diluted in PBST (1:50,000). Signal was developed
by using SuperSignal West Pico Chemiluminescent ECL
substrate (Thermo Scientific) following the manufacturer’s
instructions.
TcP5CDH and TcP5CR enzymatic activity assays
Enzymatic determinations for both P5C reduction to proline
or P5C oxidation to glutamate were performed. The substrate
used was a racemic mixture of DL-1-pyrroline-5-carboxylate
(DL-P5C) and its ring-open form -GS, which was synthesized
from peroxidation with NaIO4 (Sigma) and purified by ion-
exchange chromatography as described previously (9, 47). The
steady-state activities for both TcP5CDH and TcP5CR were
measured in cell-free homogenates from epimastigotes in
exponential and stationary phases. The TcP5CDH reaction
mixture contained 500 M P5C/GS (freshly prepared), 1 mM
NAD, 90 mM potassium phosphate buffer, pH 7.2, completed
with distilled water up to 3 ml. The reaction was started after
adding 200 g of cell-free extracts, and the linear rate was
determined by following the increase in absorbance (340 nm)
over 5 min at 28 °C with constant stirring. A blank without
P5C/GS was used as a control. The P5C-reductase reaction
mixture contained 600 M P5C/GS (freshly prepared), 30 M
NADPH, 100 mM Tris-HCl, pH 7.0, completed with distilled
water up to 3 ml. The reaction was started after adding 200 g
of cell-free protein homogenates from parasites, and the linear
rate was determined by following the decrease in absorbance
(340 nm) over 3 min at 28 °C under constant stirring.
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